THIS REPORT HAS BEEN DELIMITED
AND CLEARED FOR PUBLIC RELEASE
UNDRR DOD DIRECTIVE 5200,20 AND
NO RESTRICTIONS ARE IMPOSED UPON
ITS USE AND DISCLOSURE,

DISTRIBUTION STATEMENT A

APPROVED FOR PUBLIC RELZASE)
DISTRIBUTION UNLIMITED,



g gy 2 - > =
R —— [ p— Jp—

Information Hgency

vices Technical

ted supply, you are requested :o return this copy WHEN IT HAS SERVED
that it may be made available to other requesters. Your cooperation

IEN GOVERNMENT OR OTHER DRAWINGS, SPECIFICATIONS OR OTHER DATA "
iJR ANY PURPOSE OTHER THAN IN CONNECTION WITH A DEFINITELY RELATED
/T PROCUREMENT OPERATION, THE U. S. GOVERNMENT THEREBY INCURS
ABILITY, NOR ANY OBLIGATION WHATSOEVER; AND THE FACT THAT THE
AT MAY HAVE FORMULATED, FURNISHED, OR IN ANY WAY SUPPLIED THE
NGS, SPECIFICATIONS, OR OTHER DATA IS NOT TO BE REGARDED BY
N OR OTHERWISE AS IN ANY MANNER LICENSING THE HOLDER OR ANY OTHER
CORPORATION, OR. CONVEYING ANY RIGHTS OR.PERMISSION TO MANUFACTURE,
L ANY PATENTED INVENTION THAT "MAY IN ANY WAY BE RELATED THERETO.

ww

Reproduced by | ¥

DOCUMENT SERVIC: CENTER
KHOTT BUILDING, DAYTON, 2, 0HIO




-

Technical Report
to the
Office of Naval Research

[ » TRPRL SR 35 Art Arn
T ISR, pIR.C51-258

AD NO. ot
ASTIA wee copy

THEORY OF VOLTAMMETRY AT
CONSTANT CURKENT — PART IV

by

P. Delahay, C.C. Mattax, and T.Barzins

Report No. {5



Technical Repori
to the
Office of Naval Research

Project NR-051-250

THEORY OF VOLTAMMETRY AT CONSTANT CURBENT -

IV-ELECTBON TRANSFER FOLLOWED BI CHEMICAL HEACTION

by

Paul Delshay, Calvin C. Mattax, and Talivaldis Berzins

April 1954

Department of Chemistry
Iouisiana State Universiiy
Baton Rouge, Louisiana

S S T RN AR I P TR R T TR L AR

U R Y R TR SR T I T



DISTRIBUTION LIST FOB TRCHNICAL REPORTS
o8 Addressee

Ccamarding Officer

Qffice of Naval Bessarch 3ranch Offics
150 Causeway Street

Boston, Massachusatts

Comwanding Officer

Office of Naval Research Branch Office
The Johr Crerar Library Buiiding

86 E. Randolph Street

Tenth Floor

Chicago 1; Illineis .

Commanding Officer

Office of Naval Research Branch Office
346 Broadway

New York 13, New York

Comnanding Officer

Offics of Naval Research Branch Office
1000 Geary 8tract

San PFranciscc 9, California

Commanding Of2icsr

Office of Naval Researcir Bramch Office
1050 M. Green Strest

Pesadena 1, Csliformia

Officer-in-Charge

Cffice of Naval Research Branch Office
Navy Number 100

Fleet Post Office

New Iork, New York

Director, Naval Research Laboratory
Washington 25, D. C.
Attention: Technical Inform=atien Officer

Chief of Naval Research
Office of Naval Resatrch
Washington 25, D. C.
Attention: Chemistry Branch

ASTIA Document Ssrvice Center
Knott Building
Daytom 2, Ohio

Dr. Ralph G. H. Siu, Research Dirsctor
(leneral Laboratories, QM vepot

2800 S. 20th Street .
Philadelphia 45, Pennsylvania




DISTRIBUTION LIST FOR TECHNICAL REPORTS Pags 11
Ho. % Addressee
1l Or. Warren Stubblebine, Research Director

Chemical 2xnd Plastics Section, RDB-MPR
Quartermaster Cenoral’s Office
!!5'!1’.!!3*.‘!'_‘- 25; D, C.

[ 14

Dr. A. Stnart Hunter, Tech. Director
s Research and Development Braach NPD
Quartermastor General’s Office
Washington 2%, D. C.

1 Office of Technical Services
Departaent of Cosmerce
Washington 25, D- C.

1 Dr. A. Weissler
Department of ths Amy
Office of tae Chief of Ordnance
Washington 25, D. C.
Attn: ORDTB-PS

1 Research ind Development Group
Logistics Division, General Staff
Department of the Amy

4ashington 25, D. C.
Attn: Dr.. W. T. Read, Scientific iddviser

2 Director, Naval Research Laboratory

Washington 25, D. C.
Attention: Chendistry Divisicn

2 Chief of the Bureau of Ships
Navy Departaent
Washington 25, D. C.
Attention: Code 340

2 Chief of the Bureau of Aeronsutics
Navy Departaent

Washington 25, D. C.
Attention: Code TD-4

2 Chief of the Bureau of Ordnance
Navy Department
Washington 25, D. C.
Attention: Code Rexd

. ) Office of the Secretary of Defense
Pentagon Room 3D104LL1
Washicgton 25, D. C.
Attention: Library Branck (R+D)

1l Dr. 4. G. Hornsy
Oifice Scientific Research
R and D Command Usa®
Box 1395

Baltimore, Maryland




No. 2f Copies

DISTRIBUTION LIST POR TECHNICAL REPCRTS

A
g
o

s 11l

Addressee

Dr. B. A. Zahl, Tech. Director
Signal Corps Engineering laberatories
Fort Monmoutk, New Jersey

U. S. Naval Radiological Defense Laboratory
San Francisco 24, Talifornia
Attention: Technicai Library

Naval Ordnance Test Station {(Inyokern)
China lLake, California
Attention: Head, Chemistry Division

Office of Ordnauce Research
2127 Myrtle Drive
Durhaa, North Carolina

Technical Command
Chemical Corps
Chemical Center, Maryland

U. S. Atomic Energy Commission
Research Division
Washington 25, D. C.

U. S. Atcaic Ensrgy Commission
Chemistry Division

Brookhaven National Laboratory
Upton, New York

U. S. Atomiz Energy Commission
Library Branch, Tech. Information CRE
P. O, Box B

Qak Ridge, Tennessee

Dr. A. B. Remick
Department of Chemistry
Wayne University
Detroit 1, Michigan

Dr. Frank Hovorka
Department of Chemistry
Western Reserve University
Cleveland 6, Ohio

Dr. David C. Grahame
Department of Chemistry
Amherst College
Amhisrst, Massachusetts

N




No. of Copieg

L

|-

"‘Wd_m:mumvht-f T

-‘-. *

DISTRIBUTION LIST FOR TECHNICAL REPORTC

W PR

Addressee

Dr. P. J. Elving
Depariment of Chemistry
University of Michigan
Ann Arbor, Michigan

Dr. N. H. Furman
Department of Chemistry
Princeton University
Princeton, New Jersey

Dr. I. M. Kolthoff
Department of Chemistry
University of Minnesota
Minneapolis 14, Minnesota

Dr. H. A. Laitinen
Department of Chemistry
University of Illinois
Urbana, Illinois

Dr. Louis Meites
Department of Crhemistry
Yale University

New Haven, Ccnnecticut

Dr. O. H. Muller
Department of Physziology
Syracuse University
Syracuse, New York

Dr. Pierre Van Rysselbsirghe
Department of Chemistry
University of Oregon
Bugene, Oregon

Dr. Stanley Wawzonek
Department of Chemistry
State University of Iowa
Jowa City, Iowa

Dr. J. J. Lingane
Department of Chemistry
Harvard University
Cambridge 38, Massachusetts

Dr. Lecn O. Morgan
Department of Chemistry
University of Texas
Austin, Texas

Page IV

IRE TR TR O -




ABSTRACT

In Part I the properties of potential-time curves for electrode
processes in which electron transfer is followed by a chemical transformation
sre establiched from the rigorous solution of the corresponding boundary
e value problem. In Part II the transition time for catalytic procssses in

which the catalytic process is a first order chemical process is derived,
and the validity of this theoretical analysis is verified for the catalytic
reduction of TLi(IV) in presence of hydroxylami::z. In Part III properties
of potential-time curves for the anodic oxiiation of a mwtal with formation
of a complex ion are estahlished and verified experimentally for the anodic
oxidation of silver in potassium cyamide. In Part IV potential-time curves
for the anodic oxlidation of a metal with the formation of a precipitate

are discussed and studied experimentally in the case of the oxidation of
silver in halide solutions. Transition times for spherical diffusion and
for linsar diffusion with partial mass transfer by migration in an elesctric
fieid of constant intensity are derived in the Appendix by Gleb Mamantov

and one of the authors (P.D.).

Theoretical treatments of various electrode processes in voltammetry

at constant current were previously reportedl 2 2. The theory of other

(la) P. Delahay and T. Berzins, J. Am. Chem. Soc., 75, 2468 (1953); (1b)

T. Berzins snd P. De2lahay, ibid., _72, 4205 (1953); (1c) P. Delahay and C. C.
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Mattax, ibid., 76, 874 (195h); (1d) P. Delahay, Discussion Faraday Soc.

(in press).

(2) For a general discussion and bibliography, see P. Delahay "New Instru-
mental Methods in Electrochemistry®, Interscience, New York, N. Y., 195L,
Chapter VIII (in press).

processes in which the electron transfer is followed by chemical reaction is
reported here. The processes represented by the following symbolic equations
will be considered

F e = R ()

M+ pX™ = MXP I 4 ne (3)
"’

/V\+/3X—=‘-/V\X/>+P€

I ()
where O is a reducible substance and R its product of reduction; Z is a
substance which is not reduced or oxidized at the potentials at which the
reduction of O occurs; M is a metal, and X~ is either a complex forming
substance or an ion which forms the insoluble substance MX,. Properties of
the potential-time curves corresponding Lo these processes will be derived
for the case in which mass transfer is solely controlled by linear diffusion;
migration of the electrolyzed species is made negligible by the addition of

a large excess of supporting electrolyte, and convection is minimized by the

SRR ooty A
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use of a horizontal working electrode and by limiting the duration of elec-
trelysie to 1-2 minutes,

Electrode processes without any kinetic complication and with mass
transfer controlled either by sphericel diffusion or by linear diffusion and

migration are treated in appendix.
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PART I. KINETIC PROCESSES REFRESENTED BY EQUATION (1)

THE BOUNDARY. VALUE PROBLEM.

The variations of the conceniration of substance Q during electrolysis
are not affected by the kinotics of the chemical reaction R — Z, and
consequently the value of the concentration Co(O,t) at the electrode surfzce,

3

&5 derived by Sand”, is still valid- Thus

73

(5)

| C -240 é
Co <TC2' Zf/) e Pn F _Z%?Q

(3) H.J.S. Sand, Phil Mag., 1, 45 (1901)

where t is the tims elapsed since the beginning of electrolysis. C° ths
bulk concentration of reducible substance, i, the current density, F the
faraday, and D, the diffusion coefficient of substance 0. The notation
Co(O,t) indicates that the concentration of substance O is taken at x @ O,
x being the distance from the electrode. The transition time U , which
is definsd by the comdition Cy(0,t) = O, or by the relationship

7

/e *n Fn) e
ro= GO (6)

cy

does not depend on the kdnetics of a reaction in which R might be involved.
The equation of the potential-time curve is derived by introducing

CO(O,'b) and Cn(O,t) in the equation for the electrode potentiai. If the




eleciron transfer is totally irreversible, the potential of the wcrking
el.ectrode is indspendent of CR(O,t), and the potential-time curve is nct
affected by the transformation R == Z. If the process is reversible, the
potuntial is given by the Nernst equation; where both Co(o,t) and CB(Ogt)
appear; in that case the potential depends con the Kinetics of the rcaction
K== Z. The concentration CR(Opt) can be derived as follows. If the
transformation R===> Z is of the first order, substances R and Z obey the

follewing modified forms of Fick's equation.

"U’( é\/% *URDC%“L)// -é]/CR(’L‘) /?C (>, é) -
Dgz\/z' (‘)/% = 'DZ(DZC("" ”‘/\/Q’C i é/’f Co (=)~ /y@z(x#‘)

where the k's are formal rate constants. The first boundary condition is

obtained by noting that substanice R is produced at the electrode surface at

constant flux. Thus

?@ //JCJ = - /:/7?/‘

xX=C

(9)

The secondard boundary condition expresses that Z is not reduced or
oxidized at the electrcde; hence the flux of this substance is equal to zers

8tx=0,io Qo

r r
™ 2 e — ) (10)
J)Z[(/CZ \x,él)/w =e
X=C

- ~ e e —— e —
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An initial conditian ane coan prescoribe Ca(xsc\ = CZ(K'9C> = e

Finally, one has Cgp(x,t)} >0 and Cz(x,,t) > 0 for x —— GG o
The solution of this boundary value problem is obtainsd by the Laplace

transformation; and the comcentraticn C_(0,t) is
R

: /2. A \ /2 ;,ﬁé7 |
C (O'Z)z o K g2t + #[({ A (12)
K nFD 1+K K-Ek K ,/,1\,54_’1“)/%
S S 1-

where K is the equilibrium constam for Re—=>2 (K =k, /k ), and D is

the common value of DR and :.‘)Z wnich are assumed to be equal.

POTENTIAL-TIME FOR REVERSIBLE PROCESSES.

By applying the Nernst equation one deduces the elsctrcde potential
from (5) and (11). It is useful to introduce the transition time (equation

(6)) in the equation for the potential, which takes then the form

B /?r / — RT
E = 72 . 7}5 L = + —7—7 f//\’. Z 7 (12)
with

- 7 T (13)
2nF %6 ,Z)/&
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b % ik
8= ! + i K &}/[(é/*kfr’) [k-/
1+ K 2(/+/<,) \/ﬁ‘”é@)kék

(1h)

In equation (13) E” is the standard potential for ths couple O-R,
and the f's are the activity coefficients. If one deletes the term in =1 ,

equation (12) is identical to the equation derived by IQ.ar.%oglax‘;o.ff’4 for the

(k) 2. Karaoglanoff, Z.Elektrochem., 12, 5 (1906).

case of a reversible process without kinetic complication. The influence
of the term is (=] is apparent from Fig. 1 which was constructed for the
following data: E s, = O volt, K = 103, * = 0.1 sec. i is seen that
the potential-time curve is shifted toward more anodic potentials as the
transformation R to Z becomes mcre repide. This is to be expected since the
concentraticn of R at the electrode surface decreases when k‘f increases

(K being constant). Note also that potential-time curves for values of

k‘f comprised between O and ¢ are somewhat distorted.

INFLUENCE CF CURBENT DENSITY.

It is convenient to characterize the position of the potential-time
curve by the potentisl £ > /9 at ome fourth of the transition time. This
potential is equal to the sum of the first two terms on the right-hand side
in (12). The variation of E o/ with current density are determined by the
dependence of [—] on current density. Two extreme cases will be first

considered acrording to whether the current density is very low or very high.

o YR AR AT R T T T e T R IR T Y BN



When the current densitv is suffieciantly low, the argumcn VO T

e A RNV W e

error function for t s & /4 in (14) is larger than 2. The second term on

the right-hand of (JL) virtually vanishes for sufficiently large values of
(kg # kb)1/2 ( © /u)l/z, and E /L is practically aqual (K >> 1) to
E, /2 # (BRT/nF) 1n K; equilibrium for the reaction R =—=>Z is then established.

When the current density is sufficiently large, the argument of the srror
function is smaller than C.l. The error function can then be expanded

(for small arguments), and 7 approaches the value 1 # 1 / (1 £ K) as

i, increases; E & /), is simply equal to Ey/2 (K >> 1). The transition

time is then sc short that the transformation R —-— Z doss not take place

to any appreciable extent.

There is an intermediate range of current densities in which (M, is

2
proportional to current density. Thus, if one has (kf # kb)1/2 ( C’/h)l’/)z

N 1/2 1/2
and K > 1, 5, is inversely proportional to ( 7 /4)" "5 since ( T/

is inversely proportionsal to current density (see equation (6)), it follows
from equations (12) and (1) that E is a linear function of 1n i o The rate
constant k, can be obtained from the slope of this lime (equation (14),
ke > kp)o

Only a few kinetic processes represented by equation (1) have been

reported thus .f.‘ar5 » The occurrence of a kinetic process was deducted by

(5a) L. X. Swmith, I.M. Kolthoff, S, Wawzonek, and P.M. Ruofl, Jo Am. Chem.

Soc., 63, 1018 (1941); (5b) Z. Vavrin, Collection Czech. Chem. Communs, 1l

367 (1949)5 (5¢) Fo Santavy, ibide, 15, 112 (1950); (5d) R. Erdicka and P.
Zuman, ibid, 15, 766 (1950).

5 1} ILTIORA TN PR T T N, T T Y P T SR T T cT ey -
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polarograpny in these cases. No rigorous treatment of polarographic waves
corresponding to process (1) has been reported so far, but Kern6 gave an
approximate treatment and l&ivalo7 has announced the devalopment of such a

twatmnta. It is quite likely that such kinetic processes are not rare

(6) DoMeHo Kemg i:-A_Ee Cheme §°_c-og 7_5., 21173 (1953)0
(7) P. Kivalo, ibid., 75, 3286 (1953)
(8) After completion of this mamuscript a rigorous treatment for linear

diffusion by D.M.H. Kern appeared in J. Am. Chem. 8oc., 16, 1011 (1954).

in inorganic chemistry, and voltammetry at constant current might %e a suitadble
tool for studying them.

PART I1. CATALYTIC PROCESSES REPFESENTED BY EQUATION (2)

THE BQUNDARY VALUE PROBLEM

Because of the occurrence of the resction R ¥ Z = 0, kinetic terms
must be added to Fick's equation. Mocified equations will be written for
ths case in which there is a large excess of Z; Cz is then equal to C%
for any value of x and to The condition under which this hypothesis is
valid will be derived below. It will also be assumed that the backward

chemical reaction can be naglected. Thus

(DCOG'E' f)/Dé = _DODZC/Af)/;i?’ + /é/@oz @R (x,(l‘) (15)

IRy ST TSP e T T R T Lo T iy A A N P i Lo v ™



1c

PDC“R(L /% D‘D(‘(;,-Q/Da» - dsey Cp(nt) 99

where kf is a formal rate constant.

The boundary conditions

o Rz

[ N
[‘C’O(x /w-[ o DRPC“R(’%“)/’)"'L-_C: 0 an

n[ot(=)[9] = 4 /2

2xpresS  that the sum of the fluxes of O and R at x « O are equal and
that the flux of O et the elsctrcde surface is constant, respectively. as
initial condition one prescribes CO(XSO) = C° and Cn(x,,o) & 0, Furthermore,
the functions Cp(x,t) and Cp{x;t) are bounded for x -—-> o3 ¢ Cglx,t)-3C°
and CR(xgt)——-——) 0 for x -3 0 o

The function CO(OQt) is derived by using the Laplace transformation,
and the following result is obtained on the assumption that Dy and Dy are

equal

¢ {'/ﬁ 2/ ’J}(Ié f)/&7
ooty - ¢ S

N
N
b
P Y
o
N
\_/
N
-3
Vel
-y

TRANSITION TIME.

Tne transition time Z:c. is obtained from {(19) by prescribing the

condition 00(03 T.) = 0. The resulting equatinn can be modified by

= r—reaane, g — AR, T W PETAL VT S o
e r T R R T R D e T S TR P 6 T .
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introducing the Lransition iime T ol whi.ch would be ovbtained in the absence
of any catalytic effect; the time t,/ is given by equation (6). After a
sinple transformation ome derives

=\ R 27

C

e )\ , (20)
i T o /(T)
p )
where
\:A (21)

J = (‘\4/ Coz. C,

Values of the function on the right-hand side of (20) are plotted
agaiust 7 in Figo 2. Equation (20) can tis appiisd to ths dstermmination
of the rate constant kg if t;._ and ) are known, The value of the
function irn the right-hand member in (20) is then known, and the argument

can be read i/fubie of this function’.

(9) A detailed table is given in the doctoral thesis of C.C. Mattax (June
195k4).

It was agsumed in the above derivation that Cz(xgt) = C:o The condition
)
under which this assumption is valid can be readily established by con-
sidering the fictitious transition time U, which would bs observed if

substance Z were directly reduced. The time l:z is given by equation (6)

© is made equal to C;o Concentration polarization for Z is

negligible if Z.‘z>> t&, or in view of (6) and (20); when the following con-

in whiich C

dition is fulfilled

P SRR P
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C;_ > c (tc':/‘él) " (22)

INFLUENCE OF CURBENT DENSITY,

The function of ¢~  in equation (20) is equal to unity for @ = O
as one can ascertain by expanding the error funccion for small arguments,

Hence, the ratio ( t’c / Cd )l/ < approaches unity as kf Cg or l‘:c decreases.

: 1l/2
Since I:C decreases when ths current density is incrsased, ( tz._ /&) /
approaches unity for sufficiently high current densities. Conversely, one

has ( &, / &y )1/2___) oo for i, .—» 0o

The foregoing considerations are essentially bornz out experimentally
in the catalytic reduction of Ti{IV) in presence of hydroxylamins. The
kinetics of this reaction was studied by Blazex and Kory't'.a10 by polarography.
Hydroxylamine is reduced in a one electron rate determining step provided
that the NH2 radicals formed are removed by a substance {oxalic acid) present

11,

in large excess Experimental results are summarized in Fig. 3 in which

(10) A. Blazek and J. Koryta, Collection Czechosluv. Chem. Commins., 18
326 (1953).

(11) P. Davis, M.G. Evans, W.C.E. Higginson, J. Chem. Soc., 2563 (1951).

. 1/2

( C / T4 ) is plotted against current density (see also "Experimental®).
Iine 1 represents the average relative value of io ):l/ e in the absence of
hydroxylamine. This line is horizontel =22 ors would expect from equation

(6) for a process in which there is no chemical reaction. Curves 2 and 3

VT R R TR T T I IR Y T N S Y O T PR * M
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represeat the variations of ( Cp / ty )1/2 with current density as
calculated for ke = 20 14t.mol. "> sec.“t. The agreement is fairly good
if one takes intc account that rather poorly defined traneiticn times were
obtained. The above value of kf for 30° is somewhat lower than the datum
k, ® b2 Litomol. ™) sec.™l reported by Elazek and Korytail. Wa repeated
the polarographic determinations of these authors and confirmed their results.
The discrepancy between the two results probably can be ascribed to the
poor definition of potential-time curves and the resulting error on transition
times.

Catalytic processes represented by equation (2) can also be studied by

polarography and various treatments, among which the one of ’Kouteckyl . is

the most rigorous, have been advancedo The only rzal advantage of voltammetry

(12) J. Koutecky, Collection Czechoslov. Chem. Communs.. 18. 311 (1953).

at constant current over polarography is that catalytic processes, which

cannot be studied with a mercury electrode;, can be investigated,

PART III. ANCDXC OXIDATION OF A METAL WITH FORMATION OF
A COMPLEX (EQUATION (3))

Consider the anodic oxidation of a metal M with ths formation of a

]} Je -
complex Hlp(p ) o« The concentration of ion X at the electrode surface

is given by equation (5) in which n is replaced by n/p. This result can
also be written

R TRV

Bowinass
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E=E+

1L

(¢x-)

(23)

e - ()]

where ¢ 1s detined by the condition (CX“')x o o ® O- Iikewise ome has the

relaticnship
" (}-n)- - K :..) (2L)

( e

M /5 X 8 O
which is writtso on the assumption that the diffusion coefficients of the

ion X* and the complex are equal, The concentratica of icn H’{ at the electrode
surface .an be calculated from (23) and (24) and from the unstability constant

K of tha complex. By introducing the resulting value of (CH;‘)x - o in the

Nernst equation one obtains

21 g Kfmgtn- ery () a
nr - O \_t' /) I L] N\I%
/’C—x-,r/) %(‘ 2F [/ = I\/Z/C)/]/,

for the potential-time curve for reversible electrode processes.

RT

(25)

It follows from (25) that E is equal to the first two terms on the
right-hand of (25) when the argument of the second logarithmic term is equal

to unity. This is the case for example for t # 0.1l46 when p 2 2, A plot

)
of logj(t/?: )l/2 / [l -t/ )1/2] P{ against E should yield a straight
line whose reciprocal slope is 2.3 RT/nF. This conclusion was verified

experimentally in the anodic oxidation of silver in potassium cyanide at 30°
(Fig.l); the experimental reciprocal slope of 0.C64 is in good agreerent
with the theoreticai

value of 0,060, Likewise the experimentsl polential

PBXTIEL B NN TTD
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<0.53 volt (vs.S.C.E.), at which the logarithmic term vanishes, is in fair
agreement with the value ~0.46 volt (vs.S.C.E.) one calculates from (25)
on the basis of the values E° = 0,800 volt (v8.N-H.E.) and K = 1.8 x 10~ 1‘9

it being assumed that the activity coefficients in (25) are equal to unity.

It should be emphasi zed that the foreening tveotment ie valdd provided

b S R e

that only one complex is formed and that eGuilibrium for complex formation

is achieved. If this is not the case one must take into account the kinetics

of reaction (3). The resulting system of differential equations is mon-linear,

and the proclem becomes arduous.

PART IV. ANODIC OXIDATION OF A METAL WITH FORMATION OF

AN INSOLUBLE SUBSTANCE (EQUATION (4))

It is difficult to develor a quantitative interpretation of the anodic
oxidation of metals with formation of a film of insoluble substance. However,
a simple interpretation can be developed if one neglects the diffusicn process
in the film. This simplified approach is valid when the film is so thin that
it does no% offer virtually any barrier to diffusion from and to the electrode.
Processes leading to the formation of an insoluble precipitate Mk.p can then
be treated by calculatiag (Cx_)x « o On the basis of equation (5) in which
n/p is substitued for n. By introducing the value of (GX")x e o in the

solubility product 6 » solving for CM 4 n° and introducing the resulting value

in the Nernst equauvion, one obtains

E = E = RTA ;S) ﬁkTﬁl & Ry (26)
(S

B— e i e SR Bt e e e
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At time t =2 0 the potential E has the valus represented by the first
two terms on the right-hand side of (26). Furthermore, a plot of log
. 1/2
[ 1- (/¢ )‘/ } against E should yield a straight line whose slope is

<2.3 p RT/nF. Tais is essentially the case in the anodic oxidation of silver

v ol baV mmal mem - by )
; veal CA‘ICL.I.‘-:S:-AV&L 4AVwAMILVOAL

in chloride and bromide solutions at 200 (

slope is Figo. 5 are -0,067 and ~0.061 while the theoretical value is 0.060.

The potentials E at time t = 0 in Fig.5 yield SAgCl - 9.3x 10.9 and
SAgB = 3.8 x 10'120 These values are somewhat larger than the solubility
r

products Syucy = 2.8 x 10710 and 5,5 2 5.0 x 10 in the 1iteratured.

(13) w.M. Latimer, "The Oxidation States of the Elements and their Poten-
tials in Aquecus Solutions"; 2nd Ed., Prentice-Hall, New York, No.Y., 1952,
pol9lo

This is to be expected since the diameter of the particle of AgCl formsd
in the anodic process is possibly a fow angstroms. Hence, the solubility

of those particles is higher than the value for larger particleslho

(14) I.M. Kolthoff and E.B. Sandell "Textbook of Quantitative Inorganic

Analysis", Macmillan, New York, NoYo, 1943, p.102-

Aurthermore; the experimental errors and the appruximate nature of the above
treatment are reflected in the values of the solubility products deduced from
potential~-time curves.

Tt is worth noting that the produci i o z:l/ e was independent of current
density in the anodic oxidation of silver under the conditions prevailing in
our experiments (Table I). This result is to be expected from equaticn (6)

provided that the diffusion of siiver ion through the film of silver Lrumide
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is not rate determining. The foregoing considerations are then essentially
valide.

The determination of trensition times for the anodic oxidation of metals
could possibly be useful in chemical analysis. Substances (orzanic, reagents,

etc) forming insoluble salts could be detemined. Frequent calibration of

P Y Sy O [y I e
VO, @ POLATU L) UNLLVIIR

I Ce L S A DR U S R i I W
US SAUUCVIUVUUC WOUULU WU SOOSMVAGL DANUGY VUOL FN-J

att.ack of the metal, i.e. the area of the electrode changes from one series

cf expariments to another.

EXPERIMENTAL

The results on the catalytic reduction of Ti(IV) were obtained with
a dropping mercury elecirode used as stationary electrode. Rather high
current densities wers utilizsd, and a mercury pool electrsde would have
required currents up to approximataely 0.2 amp, Potential-tizms curves were
recorded in a small fraction of the drop life, and the area of the mercury

drop did not change appreciably during recording‘-'s. The schematic diagram

(15a) L. Gierst and A. Juliard, Int. Comm. Electrochem. Therm. Kin.,

procssdings of the “nd.Meeting, Tamburiri, Milan, 1950, pp. 117 and 229;
(15b) L. Oierst and A. Juliard, J. Phys. Chem., 57, 701 {1953).

of the apparatus is sbown in Fig.6. When switch 5 is closed, the mercury

drop is disloged from the capillary by a magnetic hamnsrl6f. The time relay

AYEds
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(16a) This method has been utilized by several authors: V.A. Tsimmergahl,

Zavodskaya Lab., 15, 1570 (19L9); (16b) L. Airey and A.A. Smales, Analyst,
75, 287 (195v): (l6c) E. Wahlin, Radiameter Polarographics, 1, 113 (1952).

(thyratron circuit) $s triggered, and after a given time, relay RL 2 closes
the electrolysis circuit of cell CE. This circuit is fed by the power supply
with electronic regulation F. The area of the mercury drop at the time of
the recording of the potential-time was computed from the rate of flow of

the mercury and from the time for which relay HL 2 was adjusted; the elec-
trede was assumed to be a sphers.

A difficulty was encountered in the application of this metnod: the
elsctrolysis current was still flowing through the cell when the drop detached
itself from the carillary; the current densily for the newly iforming drop
was then very large and the supporting elact~—olyle was reduced; this resulted
in the plugging of the capillary. This difficulty was overcome by inserting
in AB a time relay which opened the electrolysis circuit a glven time after
the closing of relay RL 2, but before the fall of the drop.

The composition of the solution in the experiments with Ti(1V) was:

0.2 oxalic acid, approximately 1 m M titanic sulfate, and varying amounts

of hydroxylamine chleride. The purity of the latter substance was detemined
by titration with potassium permanganate after the addition of ferric ion17-
The ccncentration cf titanium was not determimed exactly because it is the

(17) W.W. Scott "Standard Methods of Chemical Analyzis", Van Nostrand,
New York, 1927, p.352.
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ratio ( l‘.’c / L;L) which is of importance, and not the sbaclute valus of
z:c o The same amount of titanium salt was, of course, used in all
experiments.

Potential-time curves for liw anodic oxidation cf silvexr were
determinsd with a pen-and-ink recordsr ani the instiument previously
discussed!®. The area of the silver elecirode (foil) was approximately

1 0.20

S P

B

i
b e s

o L D i R



APPENIIX

by
Ge Mamantov and P. Delshay

TRANSITION TIME POR SPHERIGAL DIFFUSION.

The dropping mercury eleotrode has been utilized as stationary elsotrode

in this and other invontigationsld" 15, and it appeared useful to derive the
value of the transcition time for (ho oase of mass trensfer oontrolled by spher-
ioal diffusion. The solution of this proble= is as follows.

The wouation for spherioal diffusion

Defme) _ [Py, 2 ¢t
o or P Dr

sust be solved for ihe oonditions o( P aQ) =, (()o( P ot) /‘)P)rar‘, =

(27)

1 /0, O( P,t)—30° for r—3 00, r being the distance fron the center

of the spherical electrode, and 7;

Equation (27) oan be transformed in*o the form ,D'X,(r,t) / Dt =

the radius of the elsotrode.

A ~N . i
Dpa AG,v) 7 0 2 by setting W (r,t) = r 0(r,t). The equation in X (r,t)
is solved for the above initigl and boundary conditions - expressed in terms

of X.(r;t) - by sepplying the Laplaoe trenaformation 18. The concentration

at r=r1y is

(18) See details in G. MHamantov's M.3. thesis (June 1554).

7 \ /e
e(n t) = ¢- #_—;* [ = &/)('%i)%[(—%l]} (28)
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The transition time I 1is defined by the conditien O( 7, ,t) =0 , or
by the equation

[~} ;
g s D7 A/"(.Dt'/s'7
e = - A G

A
where \ = i, / nMD. Two particular ceses of (29) are of interest, nauely

i S T

E I, . 44
when 7 1a very small or very large. In the former case (DT / % ) ({ i

hence exp(D =/ T;b) A2l and erfc [(D C)1/2 /gJMI - [2 AC - >1,/2J

I" 1/!\ -
e Y </ 7
L (/]

J, . Z2quation (29) takes then the same form as formula {6) for

linear diffusion. Thus, the product i‘o ‘cl/a for apherical diffusion approaches
the value 1, T /2 for ltasar 212fusion when the curreat density is sufficiently

large. The opposite case can e analyzed by expanding the arror function in (29)
for large arguments and by retaining the first two terms in the series. Equaiion

{29) 1s transformed into the relationship

¢ C'/& To d (30)
P B

2 [+
¢"n FD b - 3
EU r# d* ¢

which shows that the product i, 7;1'/2 becomes infinite when T approeschses

zZero, Onoe concludes from the foregoing discussion of equation (29) that the
w172

>

8 not indspendsnt ¢f current dsneity in the case of gym-

S
(4

product i,

motrical spherical diffusion.

The validity of equation (29) was verified experimentally and the results
are shown in Pig.7. The calculated curve is in fair sgresnient with the experi-
zental points. The departure from theory at low current densities results mainly
from the growth of the drop during the recording of the potential-time ocurves.

At low current densities the transition time is of the order of several tenths
of a second, and the area cf the drop at the transition time is largsr than the
aversge aroa of the drop during recordings at higher current densities. &s s

reeult,mm low current densities are smaller than the nalculatod'




values of i, end the product O o 1/2 is larger than ozpecf.od. The redustion
of a fev metallic ionc was also studied, but the results were somewhat erratic

possibly because of interference by convection.

TRENSITION FOR PROCKSSEJ OONTROLLED BY LINEAR DIFFUSION AND BY ELECTRIC }NIGRATION
I 4
IN § UNIPORM FIKLD.

In caloulating transition times one generally assumes that the effect of

migration of the elestrolyzed spsoies (ion) can te neglected. In general this
procedure is justified vh& a large excess of supporting elestrolyte is present.
It 1s the: said that the supporiing eiectroiyte "carries" the current and that
the effect of migration of the roduciblgr/oxidizaislo ion !;.a negligible. This ‘s
undoubtedly so at low currmmt densities, but at high current densities this vay
not be the case. Oonsider for example a current deneity of 10™2 amp.cmi2 and
assune that the reducible oxidizable ion carries only 1 % of the current. This
fraction of the current may correspond to an appreciable transport of substance
by migration;, and sonsequently the transition time is differemt from the value
obtained for mass transfer solely controlled by diffusion. The transition time
will be derived for the case in whioh the iniensity of the electric field ia
constsnt. This simplified case is of practical interest since a large excess of
supporting eleotrolyte i generally present in solution, and the field intensity
is not appreciably affected by variations of the concentration of the reducible
or oxidizabie ion.

Fick's equation for linear diffusion must be modified as followa

DC’@",O/DL‘ = 1)92'@/2,6)23 + u ’)0’30(2,5)/92- 1)

where u 1is the ionic mobility of the ion being reduced or oxidized and f is
the intensity of the :lectric field which is assumed to be constant for a given

current density.
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This equation must be solved for the initial oondition ©G(x,0) = Oo

(0° bulk soncentration) and for the boundary condition

rQ s ) ) L
2Pefg)u] v el - o

One haa olan Nfx.+Y 0% 6aw « \ e
=8 i O NEE, - = - —> %

The solution of this Problea,as obtained by the Laplzce tranofomationlg

is for x = o

o | 4 /3
L) = P° A-ac 2D+at al
e ) ¢ 2D [a't M <zl>'7’:

; 2
(3 w51

where a..-.-ur’ and A:io/n&
The transition time YT ir obtained by prescribing the conditiocn

0(o, T ) =c. When the condition

2
a £
2D £ o/ -

is fulfilled, one can make the approximations

3 L/
/et 4 (35)
#Gem) ~ g
and
3 24
exf (’_ al . ) el (36)
4D 42
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By introducing these pproximations in (33) and neting § = fio
where f‘ is the resistivity of the solution, one deduocss from the condition
a(0, T ) ar 0 the following equation

fo ik .
ct'A 2n D /'\c'/*'\a 2D ()
"o + 2 2\
f / 73 /

#rc/lzz F_Z) c

— . O .
KP(/—u.f’nFc) o

1/2

1/2 oan be computed

The value of £, T and consequently that of T
by solving (57). It ahould be noted that the value of 1, £¥2 obtatned
in this fachion is independent of current density since none oi the coeffi-
cients in {37) oontain i, In oconclueion the produot i, t’1/2 is inde-

Pendent of ourrent density even in the case of partial mass transfer by mi-

gration. This conclusion is valid provided that condition (34) is fulfilled.
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TABLE I

-

)

1, ©

1/2

for the anodio oxidation of Ag in 5 m M K Br

10-5 ampe e

0.198
0.328
0.365
0.401
0.418
0. 486

C.584

2

X ETRE e S .

166.0
53+6
41.5
35.8
32.5
20.7

17.7

average

i, t1/2

2.50
2.40
2.35
2.40
2.38
2.22

2.46

2,39
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Figel. Potential=-time ocurves for a kinetic process represented by equation
(1)e Number om each curve is the value of ke in eeo'.'l So0lid ocirocle indi-
oates the potential at T / 4.

Fig.2. Varietions of the funotion 2 T/[ﬁyz%f)? with 2’.

Dotted line is asympiote.

Fige3. Variutions of ( ?.é / CéL )1/2 with current density for the catalylio
redustion of TA(IV) in prenence of hydroxylamine: curve 1, no hydroxylemine

{cee explunation in text); ourve 2, 0.49 M hydroxylamine; ourve 3, 1.46 M.

l':g.‘&. Logarithnio plot for the anodio oxidation of silver in 5 m M potaessium
cy.nid..

Plz.9 Logarithmic plot for the anodic oxidaticn of silver in 5 m M bromide
(line 1), and 5 m M chloride (line 2, upper acale).

Fig.6. Schematic disgram of apparatus for slecirolysis with the dropping

meroury eleotrode.

Fig.7. Variationsz orf 1° t'l/a with current for the reduotion of 1 m M

potassium chromate in 1 N sodium hydroxide on the dropping mersury electrode.
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